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Last but Not Least: Minireview
Regulated Poly(A) Tail Formation
The choice of the poly(A) site has been shown to be
influenced by: (1) the intrinsic strength of the cis-acting
sequence elements that define the cleavage site, (2)
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University of Basel changes in the concentration or the activity of constitu-
tive polyadenylation factors, and (3) the expression ofKlingelbergstrasse 70
CH-4056 Basel tissue or stage-specific regulatory factors. Examples of
both modulation of general 39 end processing factorsSwitzerland
and of specific regulators will be discussed below.
Modulation of General 39 End Processing Factors
The regulation of the immunoglobulin M heavy chainBiogenesis of functional eukaryotic mRNAs requires the
(IgM) synthesis during B cell differentiation representsaddition of a poly(A) tail at their 39 ends. The only known
the best characterized example of how changes in theexceptions are the major histone mRNAs in metazoan
concentration of a general polyadenylation factor canorganisms. 39 end formation plays a role in many aspects
modulate pre-mRNA 39 end formation. The switch fromof mRNA metabolism. Several recent reports have led
the membrane-bound form of IgM heavy chain (mm) toto the view of the transcription unit as an ªRNA factoryº
the secreted form (ms) involves the use of a downstreamin which transcription, capping, splicing, polyadenyla-
mm-specific polyadenylation site in B cells and of antion, and transport take place as coupled processes that
upstream ms-specific poly(A) site in plasma cells, re-can also influence one another (for review, see Bentley,
spectively (Figure 2). Determination of the choice of1999). Further support for this model is provided by
poly(A) sites is regulated by the concentration of CstF 64the observation that RNA polymerase II was shown to
kDa subunit (Takagaki et al., 1996). CstF-64 has a higherstimulate 39 end processing (Hirose and Manley, 1998).
affinity for the mm poly(A) site. In B cells, CstF-64 is theMany eukaryotic and viral genes give rise to mRNAs
limiting factor for 39 end formation and it binds preferen-that differ in their 39 ends due to the choice between
tially to the mm poly(A) site. In plasma cells, however,alternative poly(A) sites. Therefore, regulated 39 end pro-
the CstF concentration is higher and the use of the weakcessing of specific RNAs could potentially be used to
affinity ms site is favored. Since the ms poly(A) site ismodulate gene expression in a tissue- or developmental
transcribed first it may be recognized and cleaved pro-stage-specific manner. While substantial progress has
moting transcription termination before the strong mmbeen made in the characterization of the basic 39 end
poly(A) site has been transcribed. A similar mechanismprocessing apparatus, 39 end formation has long been
appears to underlie the regulated expression of the tran-considered a fundamental but invariant process and its
scription factor NF-ATc during T cell differentiationregulatory aspects are still only poorly understood.
(Chuvpilo et al., 1999). Two longer forms of NF-ATc areThere Is More to Polyadenylation than Meets
synthesized in naive T cells whereas a shorter isoformthe Eye
is found in effector T cells. The switch is mediated byThe mature 39 ends of mRNAs are generated by endo-
the activation of a proximal low affinity poly(A) site uponnucleolytic cleavage of the primary transcript followed
T cell stimulation.by polyadenylation of the upstream cleavage product. In
CstF levels may also determine the fate of B cells,vertebrates, the AAUAAA element and GU-rich or U-rich
inducing either differentiation or apoptosis (Takagakisequences downstream of the cleavage site are suffi-
and Manley, 1998). In order to investigate the regulationcient to define the poly(A) site. The efficiency of 39 end
of gene expression and cell growth by CstF-64 levels,processing can be increased by sequence elements lo-
the endogenous CstF-64 gene was replaced by an in-cated upstream of the polyadenylation signal.
ducible transgene expressed under the control of aPre-mRNA 39 end processing is a relatively simple
tetracycline-regulated promoter in the chicken B celltwo-step reaction that requires surprisingly many trans-
acting protein factors (Figure 1). The cleavage stimula-
tion factor (CstF) and the cleavage factors CF Im and
CF IIm participate only in the cleavage reaction. CstF
consists of three subunits of 77, 64, and 50 kDa and its
64 subunit binds to the downstream element. Polypep-
tides of 72, 68, 59, and 25 kDa copurify with CF Im activity.
Of these, the 25 and 68 kDa proteins are sufficient to
reconstitute functional CF Im. Poly(A) polymerase (PAP)
and the cleavage and polyadenylation specificity factor
(CPSF) participate in both cleavage and polyadenyla-
tion. CPSF is a complex composed of four polypeptides.
The CPSF 160 kDa subunit binds to the AAUAAA ele-
ment in the pre-mRNA. Finally, the poly(A) binding pro- Figure 1. The Mammalian pre-mRNA 39 End Processing Complex
tein II (PAB II) increases the efficiency of polyadenylation Experimentally demonstrated protein:protein interactions are indi-
and specifies the correct length of the poly(A) tail (for cated by double-headed arrows. pA indicates the poly(A) addition
site.review, see Wahle and RuÈ egsegger, 1999).
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Figure 2. Regulation of Immunoglobulin Expression
Low affinity binding of CstF to the upstream ms site is indicated by
a hatched pattern.
Figure 3. Organization of the Alternatively Processed Region of the
CT/CGRP pre-mRNA
line DT40. As expected for a housekeeping gene, deple-
tion of CstF-64 caused cell death by apoptosis. By con-
trast, reduction of the CstF concentration to z5% of
and in vivo experiments. According to the exon definitionthe wild-type level was found to cause a prolonged cell
model, components of both the spliceosome and thecycle arrest at the G0/G1 phase, suggesting that CstF- polyadenylation complex may interact to define the last64 plays a critical role in progression of the cell cycle
exon, potentially affecting the efficiency of both polyad-from G1 to S phase and in cell survival. But how can
enylation and the removal of the last intron. However,pre-mRNA 39 end processing be linked to cell cycle
a direct role for snRNPs or other splicing factors incontrol? One possibility is that some pre-mRNAs with
polyadenylation has been disputed and the basal poly-low-affinity CstF-binding sites would not be processed
adenylation apparatus does not contain any RNA orefficiently when CstF levels are reduced. Thus, de-
snRNP component. Nevertheless, several lines of evi-pending on the exact CstF concentration the amount of
dence have suggested a role for U1 snRNP and its asso-cytoplasmic mRNA for different sets of genes, including
ciated proteins U1A and U1 70K in nuclear polyadenyla-some that code for cell cycle regulators, may be selec-
tion. The interaction of U1A with CPSF 160K was showntively reduced as in the case of the IgM H chain mRNA.
to increase both CPSF-dependent polyadenylation andPoly(A) polymerase provides an example of how not
CPSF binding to an AAUAAA-containing RNA substrateonly the level but also the activity of a general 39 end
(Lutz et al., 1996). In addition, U1A regulates polyadenyl-processing factor can be modulated in embryonic devel-
ation of its own mRNA. U1A binds to a regulatory stem-opment and in the cell cycle. In unfertilized eggs of
loop element in the pre-mRNA, and the resulting U1A:RNAseveral species including X. laevis, a sharp decline in
complex directly interacts with PAP, thus preventingpolyadenylation of pre-mRNAs has been observed, but
polyadenylation (Gunderson et al., 1997). A similar inhib-poly(A) synthesis is resumed after fertilization. During
itory mechanism represses late gene expression in bo-meiotic maturation in Xenopus oocytes, PAP is progres-
vine papilloma virus. In this case, U1 snRNP binds to asively phosphorylated and inactivated by p34cdc2/cyclin
59 splice site located upstream of the late poly(A) site,B (maturation/mitosis±promoting factor, MPF) (Colgan
which results in the inhibition of polyadenylation via aet al., 1996). At low MPF concentration, PAP is phos-
direct interaction of U1 snRNP with PAP mediated byphorylated at its consensus Cdk (cycline-dependent ki-
U1 70K. Interestingly, the PAP-interaction domains innase) sites. However, much higher concentrations are
U1A and U1 70K proteins are highly similar suggestingrequired for the phosphorylation of the nonconsensus
that inhibition of polyadenylation via PAP may be a moresites (Colgan et al., 1998). In this way, PAP can retain
general regulatory mechanism (Gunderson et al., 1998).activity in the presence of moderate concentrations of
Indeed, the use of the poly(A) site located in the 59 longMPF during oocyte maturation, a process that requires
terminal repeat (LTR) of HIV-1 pre-mRNA is inhibited bypolyadenylation of maternal mRNAs. Only in late M
the binding of U1 snRNP to the downstream 59 splice sitephase does complete phosphorylation lead to the full
(Ashe et al., 1997). However, in this case the molecularrepression of PAP activity. The same mechanism is re-
mechanism of the inhibition remains to be elucidated.sponsible for the downregulation of PAP in mitotic HeLa
In addition to these U1 snRNP-associated proteins,cells, explaining at least in part the general repression
recent studies implicate two splicing factors, the poly-of RNA and protein synthesis observed in cells entering
pyrimidine tract-binding protein (PTB), and SRp20, inmitosis (Colgan et al., 1996).
the cell type±specific processing of the pre-mRNA thatFinally, the expression of tissue- or stage-specific iso-
encodes the hormone calcitonin (CT) and the calcitoninforms of processing factors provides an additional
gene±related peptide (CGRP) (Lou et al., 1998). Thismeans to regulate 39 end formation. Several isoforms
regulated processing event involves the choice betweenhave been reported for PAP and for CstF-64. In addition,
two alternative poly(A) sites. In thyroid C cells, the poly(A)at least two different forms of CF Im have been found in
site in exon 4 is used. In neuronal cells, exon 4 is ex-HeLa cells that share the small 25 kDa subunit and have
cluded from the mRNA and polyadenylation occurs ata variable large subunit (RuÈ egsegger et al., 1998). Since
the poly(A) site in exon 6 (Figure 3). Exon 4 recognitionCF Im binds to the pre-mRNA, different CF Im isoforms
depends on an RNA processing enhancer located in themay differ in their substrate preference.
intron downstream of the exon 4 poly(A) site. In vitro,Splicing Factors as Regulatory Factors
the enhancer binds to U1 snRNP, SRp20, and PTB.for 39 End Processing?
Transfection experiments suggest that inclusion of exonThe functional coupling of the processes of splicing and
polyadenylation has been suggested by both in vitro 4 is regulated at the polyadenylation level and that
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SRp20 may be involved. SRp20 belongs to the SR family multicomponent machinery. One reason for this may be
of serine/arginine-rich RNA-binding proteins that in- the need to establish a network of weak cooperative
cludes both general splicing factors and alternative interactions between the components of the complex
splicing regulators. During splicing SR proteins bound to determine the precise recognition of the cleavage site
to RNA interact through their RS domains both with in the RNA. In addition, assembly of so many different
other SR proteins and with constitutive splicing factors factors allows the coordination of 39 end formation with
that contain RS domains such as U2AF and the U1 other cellular processes. Systematic studies of addi-
snRNP 70K protein. Several models can be postulated tional examples of alternative polyadenylation will help
to explain the function of the enhancer element. Binding to determine whether the efficiency by which the com-
of SRp20 to this sequence could directly promote as- plex forms is primarily modulated by changes in the
sembly of the 39 end processing complex on the poly(A) level or in the activity of the basic processing factors or
site in exon 4 via the recruitment of polyadenylation by gene-specific regulators.
factors. Alternatively, Srp20 may act indirectly by stabi- Finally, if 39 end formation is important for the regula-
lizing U1 snRNP binding to the enhancer. Although trans- tion of gene expression, an evolutionary conservation of
fection studies have shown that increasing amounts of the molecular mechanisms might be expected. Notably,
PTB stimulate the inclusion of exon 4 (Lou et al., 1999), several yeast genes can produce multiple mRNAs with
it is still unclear whether this effect is mediated at the different 39 ends as a result of the carbon source±
level of splicing or 39 end processing. However, the obser- regulated choice between alternative polyadenylation
vation that PTB binds the upstream element of the C2 sites (Sparks and Dieckmann, 1998). Comparing find-
complement gene and stimulates 39 end processing ings in higher eukaryotes and in yeast may thus help to
(Moreira et al., 1998) suggests that PTB may interact with understand the molecular mechanism of regulated pre-
one or more 39 end processing factors and positively mRNA 39 end formation.
regulate polyadenylation.
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